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Y,itcr!dl> Scii?nct’,ina Ttichnuloqy Division, Los Aldmos Ndtional L~boratory,
LIJS Al,imos. NM !{/54S

‘:Iurr”enLly on s~bbatic~l It!dve ds d U.S. Senior Scientist Awardee from the
~~;t’x~nclervon Ilumboldt 5tit”tung at Lhe Fraunnofer-Inst itut fur Anqewandte
)!i+turi~lfurschuny, Hrumen, FRG.

~,i15TRACT: Aiiiah~ti~ irrciirhdnds were obtdlnerl in tit~nium with control-
lIId str~in!i L() lJ.3 %. Two types or snear bdnds were observed ~nd char-
.iCLE!rl zf!(,l, in gvnerdl the qumtity dnd shear bdnd width increased with
increasing elongation. At eiungdtinns below “.5 % the s!tt?arbands were
typic~lly chdrcicteristic of shear bands obs[~rved at lower strain rates.
Abovv 5 Z t’longations mdny of the shear bdnds contained d boundary
rt?qime ddjdcenl to Lht? shear band and increased in width with increas-
ing totdl [~lonydtion. This effect was dttrlbuted to the strain neat.

I
,. INTRODUCTION

J\L hiqh sLrdin r,itt!sti(fldbdtlc shedr 10Cd]iZdtlOrr iS d very illlpOrtdflt
phpnwnpncm thdt hds J profound !!ffvct on pldbti~ deformiition ~nd frdCtUrC.
llf’r~’WLJ describt? lh~’ first observ~tions made of the nature of’ ddiabdtic
‘ih[’drbands ir,cornvrcldll,y pure titanium shock elongated dt a strain rate
lot l[;~./suc.

I:ontrollvd strain l~xp(’rim[’ntswurv ~chit!vud by the usc of’ impcdc?ncc mat-
l.h~ldpl?destdls Ot vdrious brights which dict~tcd the dmount of the reflec-
ttId t~nslll’ Wdvl’ irlt.h[!s,lmple. This tf?lsilo w~ve impdrts ~ certain degree
0; (Icformdtion in LhL’ sdmplr, which in turn generates IIOdt dnd thus pro-
mott’s the formdtiorl (;f ddidbdtic shcdr bdncls. These shtmr kinds hdvt! ken
~locum(’nll?dhy Ruqvr’:,(1919) in d v~rit~ty of bulk forminq optlrntiorls dnd for
Ii[.,lnlum,Illoys by <limi~l.in ,]nd L,]hoti (19HI d,b). Until th~ pr~sent time,
Ih(r[’ h~s hrrn no ddLd on the shr,lr I)dnd formtltion in titanium with high
II,ILP I.(’rltiItpdrformdtlon. I’m lrro5trxpt!rimt!nts thdt have Im?n don(’o the
‘,Lr”dirlr~t.t!hds Iwvr) dround 10~/src. or below and th~y wcro donu primarily
wI1.h Iit,]nir!m,Illny~ wch ,Ir th,lt,hy !{ryarlt,ind Wilsdort (10110). Num[prous
l]lil)li(,l~iorl<~txi’,1.f(II- Ii ,11111li-dlloys {Ixdnlinrdundl’r-com~)r[’s%ion.

,’. IXI’II{IMNIAI

I Illllr”l’1 illll’,1.r,lfl”,11111fylill~lr.1(111 ,lrr,lrl(]l’111~’rll.Ior I,IIh,jII(I.iri(l.1 s.(IIill
l),~r’.,!J~i~.Ilmllll)f fit.,lrlllim(I)[lrlt.y 1/’1./ %, d II ‘;[nlipli~twf*r-f’Ir-(wlorl(’I(I1.) l.~~
illflllrlll~nl%Iy vdry III(I Ilrl’1,’,111.l’,Ililriql.tl{~‘Ip(u”lm(~ll ll’llqt.tl I1.{)111/ I1) ‘1’)(;1’11.

irl fill’. ,ll.r.llrl(ll’lll(’lll, IiIIt.I)IItIlif)flIII Ihll mdirl ( lllll.IIP (I mnpo’,11 ion (:-4 IIR-
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l:isLJnce in tl:dnium ,1lorry central
(Ixis ,~nd ouLcr r~ctius ut the trst
sdmplt’ tor C-4 (’xplusivtls.

plosivv) begin$ r~lli,~llytic Eht? top edge of thl~ specimen ,jnd ,1s the deto-
nation wav~ movrs rdctldlly outward dnd downwdrd, the pressure is ddded
lncremenKdlly ~t J rlipiu rdte. The key to ~ccur~tely determining the pres-
\urt’ pruti Iv ,ilonq the speclmt’n, Jnd t.ht’hhock wdvt? profilu within the
>p~~imcn, 1s d t.’~~]-~iim~nsl(]n,ilf“ulorlfln compu[rr code in USP dt !.ns Alamns
Ndtiondl Idlmrdt.ory. i or tltdnium, f.hi~ protilr i< shown in f“ig. ;). Anneal-
t’(isol 111 (.yl indrlc.11 L,JmDltl\uti li:t!d in t.hc ~irr,lnqement shown ‘,chemati-
I.,IIIv :n l_iu. 1 !I,I(IJn Ir]lll,il{jr,llnsI#I? ot 51) Jim, dnd d corresponding
micr;~Pdr(lnt+ssof ,’4[)V}IN. Ihr ~,t-tmplt)swvrt’ bil.’lm’n in l~nqth dnd .KI.l nnn
in dldmlter.

;t ‘Ill f)lll,l 1)1~ rl(]l.t’fl trl)ill!}lI)‘)11[](k WIIVIIpr[]tiIIIwhll h t.r.dv~’lI, l.tll-flllllll t.tlt’
I VI In fll”ll ,11 ‘,[11’! Ilill’fl, ‘tl,ll “ 1’, I}v I fIm[I,If.lI, orI I I) ,1 1}1,1111) I []ln~)rll’,’,lvll w,l”{(~,

!1 ‘itll’ ,11” W,IVI) Ill,lk 1111~,111 .Iflqll’01 ,1’)”With ,11!*‘.l~l~(ImtIn I I’nl.r.,lt,IxII,. Ihl’,
‘,tl~l~k-wllv[’IIit[nnlltI“y, ,IrlllItl~’,IC,I,IN1,111111‘,1)1’(Illlltll fil’t (11.llhlt I 1)11, Illlldll( 1“, ,1
! rlllxl(llI,!r.{’’,’,111,11.1*wtlli t) I , l, Inl.,IIIKIIIIIt til ,1 hl~lh ~,t.r,llrlr.llt1’ l’~1.r.11’,itlrl
1fl ItIi’,Ir.rllllll{’lllt’lll‘ItlllwllIllI III. 1. Itll’,1[1.11,11‘Itrtllrlrtlfl’”,,wlll[tll,lrlIII’

111111111 I’11 ! rum lfl II I 1)1:111111 III. I IJIII II, , WI II’11 Irlltll’r“,lll~l,’[It l[lll/’,[’1.
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$Lmple dt d timl’ whicn is t.wicl’ the trav~l (Iistdncc from the-point of
lnt~!rt’sL tlrl(l LrIII r“l’t 11](.1.inq Ir(?t’ surfdct! times, t.hc shock vt!locity in
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:lcanium. 14hilp tne puisd I:urd:ion ror .’.TAIS 1 ps, the distances from the
r.~.tl~~cinus~r~ac~ ~~n ~.XLee~Y6 (mm Cwrsequently, one must look more close-
,:.b’,lL :ne-:ime separation dt :ne ~didlndtic and Straifl temperatures. The
.::I.Ibd:ic:mueraturc r~’sul:s !rum J snock compression wdve which is a
‘.lnct;on or oressdre .Inci~.~n Pe ubzdincd from the data of McQueen et al
:~;Ll}. The s:rsln ternDeraturu rt!sults from the tensile rctlected wave and

.15Sacn, :ney only ov~rl.+p ilt:ne trcu surfdce wher~~the strain tempera-
fJri’itimponent ;s inltl~ted. AS the tensile retlectcd wave propagates back
~!lruuqn the snocked swnDle, :he time .wlay between the adiabatic and
i:raln tc!mpPraK~re q~ts ~drgf!r.This results in a time delay of from near
‘ Jsec. m the bottom of tne sdmDIP to approximately 11 psec. at the top,,
*’F:ne sdmple. ;hv peaestal not 01:1.v controls tne amount of the overall
~.itintiatictn,1: dlso incrt*dses :ne delay time between the adiabatic and
~zr.iin temperatures since tnis is p“rportional to the pedestal height. For
.1!.3 ~:npCdPStJl, tnis rrisults in ,1relay time of near 3 IISPC.and for a
“ L71pedestal. nedr 10 ;Ise(:.;h+s Lime Ocldy insures that the adiabatic
,In,lscraln temperatures arP Sepiirdte dnd do nOt occur simultaneously.

.-n::! fluw, dll the figures snown rf!terrt!dto axial lengths in the sampie.
“J mtdln J better picture onr must observe the radial cross sections as
#t!li. ;hls is :Ilustrdtecl in Fig. ~. 3hown in Fig. 7d is the radial pres-
.uru protile iIL5 cm frum the top of th(~sanrplc (see Fig. 2), md is
..]iCuldtPd trom ddtd dfter Mcl)ueen ct dl (1970). Strain measurements are
snown in ~igm :h, for the 10.b % clongiited sample. The local strains in
the hulk are reldtlvely ;UW. ~iowevvr, in the shear bands the local strains
dr~ SlgnlfiCJnLly ldrCJPr. The vdlucs as shown, where obtainable, are only
~pproximate md ~’stimated from shedr offsets, ~s the cross section of the
%Jmple wds not yrided. These strain values do, however, represent the trend
Across the cross spction with the shear bands decreasing in magnitude
towdrds [nL*center of tne sample. This w~s observed in all samples, partl-
~uldrly tu the nigh strdin regions. This is in contrast to what is observ-
L’LIin d homogeneously deformed Sdmple such JS 304 StainlUSS ste~l under
llIHlldr cond~tiuns ds shown hy 5taudhtumnPr dnd Johnson (1988) whcr~ the
~tr~in dcro%s th~’sdmplt! didrncter ,ILdny position was constant and not
‘.~’latudto the pressurt! profile. lhv temperature profilt!s m? showrl in
i-iy. ic. All temperdturus t’xcupt the %tr~ill t~mperature ,Ireknown or cal-
LUldtU(l vdlues. The strdin temperatures dre schematically illllst~~ted.

An ,i(lditionalpressure ~ff~ct th~t should he dddrt?ssed is that of shock
h~rduninq. Shock hardening results from a shock event which inducet micro-
“,tructural chanqes thdt drr qovcrnud by th~ sdme basic features which
(wv~rn iIll dcformatictn microstructure!%. [n maLerials such ds titanium in
which shear bdnds ar~ vdsily uhtdinrd, the deformation is highly localized
in th[!shear hdncl dnd rt’ldtivrly un~tt[’cted in the matrix. Microhardness
m(’tt~ur~}ment$were made for dll ruqim[!sof t!longalion including shear bands
,]ndmatrix. All the post %hocked r’i’dinys h~d essentially the same value
which ~vuraged 333 VNN for 1111thrw c!longdtions. This is not inconsistent
with othur ubservdtions madw on titdnium dlloys by Jonas (19/8). The shock
did, how~v~r, incrudsc’ I.hucrvt’r~llndr(lness trom the ds rflc[’ivd ~nncalud

I orrdit ion which h~d ii VIIIIII’ot 24[1VIIN.

: . ! ‘Ihwir hdfld ltldr.ll~t.(’r.l’,f.llI,

AI, Irlfllcdlud vdrlit’r, IWO !.ypt’s III ‘,h~’llr hdnd% dru obs(lrv(l(l. l)no :hdt

I 1111’rt;r(.t:, ItIt’ 0111%11111 Ili,imi’1.{’rdt ,111drlqlu of 45= Lo Lhr ,IXI,II1~’rlqthof’
!hl’‘tdlllplt’,Illd1’sIIbI,t’rvPdovltr t.hllIi!rlqt.tlIIII.hi*%~mpl(~ (i[’ (IccuI.\ ,IL ~111

;I’vII I’, I)i l~lon(ldLlwl). Ih[’ ‘,(’(011(1typ’ of ‘ihtulrl)~indh,ld,1r,ldi,ll(“urw
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Fig. 7. Relationship of
a) pressure b) local strain and
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dcross the diameter of d .].5 %
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shdpe with a 45” intersection of the outside diameter and the cone apex.
Th[! microstructural characteristics of both types of shear bands are”
identiciil and appear to vary only in their geometry. These observations
~lnddescriptions have been obs~rvw.1 in the work of Staker (1981), Culver
(19/3) ~nd $[’midtitltitiil(1984) wher~ shear localization in the shear
Ihindoccur”s by ~implr shmr.

ivpl(:dlnlirr(]str.[lctllr[!~,II”u‘,howrlin t iq. }{d tur LIICdxidl It!nqthLyp[!,IIId
i’,Irurn,1 lonqlLudin,il \(’~.Lloll.r iqurr M Iur Lh(! rddi a I (:orlvLypt? is
from d rd(iidl cru!,s :,l!ctiun.I-itluru}](1i’; from d rrqion ot’ low strdin
(~’IIllfrum t11~’I.IW ut f.hi!‘)dmpIV) dIIIiI iII. }{1)Irom d !x’qiUI1 [If h iqher



Fig. 8. Shear bands in titanium shocked at 106/s a) from a longitudinal
section at an elongation of 1 %, b) from a radial cross section at an
elongation of 5 %. Micrograpl?s a), b) from the 5 cm pedestal shot.
Figure 8b was obtained by differential interference contrast by
Nomarski techniques.

I-iq. 9. Typical] shf!dr Imnd microstructure! in the high strain r[’qion of
Litdnium. NOLLI Lhl’ hodt dffPctcd zone ddjac(?nt Lo the shedr b,lnd.



strain (5 cm from the top). The high strain region in all three samples
had for the larger snear bands the characteristics shown in Fig. 9. As
this is the high pressure region, as well as the higher strain region, the
temperature in this regime will be the highest in the sample. Similarly
the time delay between adidbatic and strain temperatures is the shortest
dnd as such would ndve the greatest effect on thermal softening of the
sample.

4. CONCLUSI!)N

. Shear bands occuring at 106/s and appearing to be independent of
shock pressure, are dominated by strain and have the same character
as those observed at lower strain rates.

“ The number of shear bands increases with overall elongation. Similarly
the width of the shear band generally increases with increased
overall elongation.

“ Shock hardening was observed in th~ bulk, however the shear bands had
the same hardness. This is due to the annealing effects of the strain
heat in the shear band, particularly at large strains.

5. REFERENCES

Bryant J D and Wilsdorf H G F 1988 Impact Loading and Dynamic Behaviour
of Materials ed C Y Chiem et al (Verlag Informationsgesel lschaft)
pp 145-152

Culver R S 1973 Metallurgical Effects at High Strain Rates (New York,
Plenum Press) pp 519

Johnson K A al!dStaudhammer K P 1986 Metall. Applications of Shock-Wave
and High-Strain-Rate Phenomena ed L E Murr and M A Meyers (New York,
Dekker) pp 525

Jonas J J and Luton M J 1978 Advances in Def. Procc. (New York, Plenum)
pp 215

McQueen R G md Marsh S P 1960 J.A.P. 31 1253
McQueen R G et al 1970 High-Velocity Impact Phenomena (New York,

Academic Press) pp 293
Rice M H, McQueen R J and Walsh J M 1958 Solid State Physics 6 (New York,

Academic Press) pp 1
Rogers H C 1979 Ann. Rev. Mat. Sci. 9 283
Semiatin S L and Lahoti G D 1981a Met. Trans. 12A 1705
Semiatin S L and L~hoti G D 1981b Met. Trans. 12A 1719
Semiatin S L Pt al 1984 Acts Met. 32 1347
Staudhanmrer K P t.ndJohnson K A 1986a Proc. of the lntl. Symp. on Intense

Dynamic Loading dnd its Effects ed C M Cheng and D Jing (Beijing,
Science Press) pp 759

Staudharmner K P aridJohnson K A 1988b Impact Lodding and Dynamic
Oehaviour of Materials (Verlag I~formationsgesellschaft) pp 839

Staker M R 1981 Acts M~t. 29 683


